Hydrogen ion beam generated by a current-free double layer in a helicon plasma
A current-free double layer in an expanding hydrogen helicon discharge ͑13.56 MHz͒ has been discovered by measuring a beam of hydrogen ions at the low potential side of the double layer. The ion beam is supersonic (ϳ2.1c s ) and is detected using a retarding field energy analyzer positioned downstream of the double layer for pressures below a few mTorr and for radio frequency powers up to 1800 W. © 2004 American Institute of Physics. ͓DOI: 10.1063/1.1643548͔
The process of plasma expansion and subsequent ion acceleration has been studied experimentally, theoretically and by computer simulation since the 1930s. 1 Although not detected as a beam, energetic ions have often been diagnosed in low pressure high density expanding plasmas. In a low pressure isothermal plasma, a density gradient will produce a plasma pressure which will be balanced by an electric field. This Boltzmann field serves to reduce electron loss down the density gradient and to produce a drift in the ion distribution. This drift has been measured with laser induced fluorescence and by movable ion energy analyzers.
2, 3 The natural phenomenon of the double layer ͑DL͒ consists of a sharp drop in potential over a narrow distance ͑aurora 4 or solar corona 5 ͒ and is the prefect setting for particle acceleration between the upstream and downstream sides of the DL ͑''backward'' acceleration of the electron from the downstream side and ''forward'' acceleration of ions towards the downstream side͒ although space measurements have been primarily concerned with electron acceleration. 6 In the laboratory, steady-state single or multiple electric DLs can be generated by various types of current-driven or current-free discharges ͑filament discharges, 7 cylindrical Q machines, 8 helicon radio frequency plasmas 9 etc.͒. We have previously described a new phenomenon of a current-free double-layer in an expanding argon plasma 9 but to date there is no satisfactory theoretical analysis of this new phenomenon, although Perkins and Sun have suggested that currentfree DLs are simply a case of current-driven DLs. 10 In this letter, we present experimental evidence of the formation of a supersonic ion beam of H 2 ϩ accelerated while traversing a double layer in a helicon produced expanding plasma.
The experiment was performed in Chi Kung, a horizontal helicon system that is shown in Fig. 1 . It consists of a 15-cm-diam helicon source ͑32-cm-long cylindrical glass tube terminated by a 1-cm-thick glass plate and surrounded by a 20-cm-long double-saddle antenna͒ contiguous to a 30-cm-long 32-cm-diam grounded aluminum diffusion chamber. The antenna is fed by a radio frequency ͑rf͒ matching network/generator system that operates at 13.56 MHz. The feed gas enters the closed end of the source, and a turbomolecular/rotary pumping system is connected to the sidewall of the chamber. The base pressure is 2 ϫ10 Ϫ6 Torr, measured with an ion gauge ͑using the correction factor for hydrogen͒ and a baratron gauge. Two solenoids around the source are used to create a magnetic field of about 250 G in the source center which decreases to a few tens of gauss in the diffusion chamber. 9 We have previously presented plasma potential measurements showing the presence of a current-free DL at zϭ25 cm for an argon discharge. 9 More recently both an Ar ϩ ion beam and an electron beam have been detected that arise from the DL. 11 The same configuration is used for the present experiments, with the substitution of hydrogen instead of argon, and a range of pressures and rf powers is investigated.
A movable retarding field energy analyzer ͑RFEA͒ is inserted radially through a port at zϭ37 cm on the chamber sidewall. By rotating the RFEA on its supporting tube axis, measurements of positive ions are made with the entrance orifice facing axially or radially; a detailed description and optimization of the analyzer were previously reported and showed that the energy resolution is expected to be less than 1 eV for the present conditions. 12 Additional broadening of the distribution may be related to the ion temperature, to the effect of some collisions in the presheath/sheath ͑minimal at pressures below a few mTorr͒ and to some broadening due to rf oscillations of the sheath in front of the grounded RFEA. For the present conditions, no peak separation due to rf os- cillation of the sheath is expected. 12 The derivative of the measured collector current versus the discriminator voltage I(V d ) characteristics is called the ion energy distribution function ͑IEDF͒ although we are not measuring the actual ion energy distribution function but rather a combination of any ion drift in addition to the energy all ions acquire as they fall through the drop in potential ͑DL/sheath͒ in front of the grounded analyzer.
The current measured by a gridded RFEA can be written as
where e is the electronic charge, A is the area of the analyzer's aperture, T is the grid transmission factor ͑four grids in this case͒, v is a component of the ion velocity parallel to the axis of the analyzer, f (v) is the velocity distribution at the entrance of the analyzer, m i is the ion mass and V d is the discriminator voltage. The axial I axial (V d ) and radial I radial (V d ) characteristics were measured in a continuous run with the RFEA for a rf power of 800 W and a pressure of 1.4 mTorr and the corresponding normalized radial and axial IEDFs are shown in Fig. 2 . Previous measurements 13 of positive ions in a similar reactor equipped with a Hiden mass spectrometer have shown that the main positive ion in this type of hydrogen helicon discharge is expected to be H 2 ϩ . As discussed in our previous paper, 9 the distribution measured with the analyzer facing radially exhibits a single peak at the local plasma potential (V p ϭ29 V). In addition to this low energy peak around V p the distribution measured with the analyzer facing axially toward the plasma source ͑and DL͒ exhibits an additional peak at 50 V (V beam ). Although interpretation of the curve is difficult in the case of flowing plasma, there is good agreement between V p measured in radial ͑29 V͒ mode and in axial ͑30 V͒ mode, i.e., when the RFEA is rotated, the low energy bump remains unchanged while the high energy bump is only measured when the RFEA is oriented towards the source. This result strongly suggests that a DL is created in hydrogen discharge in the helicon source which accelerates the H 2 ϩ ions and forms a beam downstream of the DL in much the same way as the DL formed in earlier experiments with argon.
Using an electron temperature (T e ) of 9 eV for the present conditions measured with a Langmuir probe, the beam velocity and its Mach number can be estimated as
It is about 2.1 the speed of sound c s , i.e., supersonic. Assuming that the axial measurement corresponds to the collection of two distinct populations of ions, the first population of local ions ͑of density n s and average velocity c s ) fall through the sheath of the grounded analyzer and the second population of ions ͑of density n beam and average velocity v beam ) accelerated into a beam through the DL, subsequently fall through the sheath of the grounded analyzer, the density ratio can be derived as follows:
The density ratio is 17% although the two peaks in the axial IEDF ͑Fig. 2͒ have similar intensities. This is a result of the x axis corresponding to vdv ͓Eq. ͑1͔͒ rather than to dv in a ''standard'' IEDF. The density n s of the background plasma is about 1ϫ10 10 cm Ϫ3 at the RFEA's position and the estimated ion beam density is ϳ1.7ϫ10 9 cm Ϫ3 . These results are very similar to those measured for an argon plasma which had lower rf power ͑250 W͒ and lower pressure ͑0.35 mTorr͒ since the speed of sound for the hydrogen ions is 4.5 times larger than for argon, resulting in an enhanced loss rate at the walls. 11 Consequently more rf power is required to reach similar densities. Figure 3 shows normalized axial IEDFs measured for three distinct pressures, 1.4 ͑solid line͒, 2 ͑dotted line͒, and 2.7 mTorr ͑dashed line͒, respectively, and constant rf power of 800 W. The velocity ratio and density ratio calculated using Eqs. ͑3͒ and ͑4͒ are 2.1, 2.05 and 1.9, and 0.17, 0.08 and 0.06, respectively. The beam velocity is rather constant as a function of the pressures used, implying that the drop in potential across the DL changes little. For higher pressures, it is difficult to detect the ion beam because of scattering collisions but experience with the argon DL suggests that the lower pressure limit for the DL is that minimum necessary to sustain a plasma, and the upper pressure limit is related to whether the ions are accelerated in the Boltzmann field to above the speed of sound before they experience scattering collisions. Figure 4 shows normalized axial IEDFs measured for four widely separated rf powers, 100 ͑dot-dashed line͒, 500 ͑dashed line͒, 1200 ͑dotted line͒, and 1800 W ͑solid line͒, respectively, and constant pressure of 1.3 mTorr. The ion beam is present for all powers and its energy relative to the lower peak at the local plasma potential remains constant. Changes in the plasma potential reflect dramatically changing plasma conditions, especially the density, which increases with the power by about a factor of 5. More details of measurements of plasma conditions in the source and diffusion chamber will be presented in future work. In line with the increasing plasma density, the density ratio of the ion beam to the background plasma increases from 8% to 20%. It is very interesting that the double layers produced in argon and hydrogen are so similar and this strongly suggests that it is the electron dynamics which determine the conditions for the DL. It is also important to show that the DL can exist in a current-free expanding hydrogen plasma so it would be possible to start applying this phenomenon to space and astrophysical phenomena. From an applications point of view, theses experiments can be thought of as producing a plasma ''wind tunnel'' in which spacecraft re-entry can be simulated with a certain degree of confidence.
In summary, ion acceleration through the drop in potential of a current-free double layer localized in a helicon source was demonstrated by measuring a H 2 ϩ ion beam 12 cm downstream of the DL using a retarding field energy analyzer. The ion beam velocity and density ratio were ϳ2.1c s and 0.2, respectively. These values are similar to those of previous measurements in an argon plasma. The beam characteristics were measured as a function of the pressure and rf power.
